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Abstract
Overall losses in swash plate type axial piston machines are mainly defined by three 
tribological interfaces. These are swash plate/slipper, piston/cylinder and cylinder 
block/valve plate. Within a research project, funded by the German Research 
Foundation, a combined approach of experimental research and simulation is chosen 
to acquire further knowledge on the cylinder block/valve plate contact. The 
experimental investigations focus on the friction torque within the contact and the 
measurement of the cylinder block movement in all six degrees of freedom. 
Simultaneously a simulation model is created focusing on the main physical effects. By 
considering the results of the experimental investigations significant physical effects for 
the simulation model are assessed. Within this paper a first comparison between 
experimental results and the simulation is presented, showing that for a qualitative 
match the implemented effects (mainly the fluid film, solid body movement, solid body 
contact, surface deformation) are sufficient to model the general behaviour of the 
investigated pump. 
KEYWORDS: Axial piston machine, cylinder block, valve plate, fluid film, simulation, 
experiment 
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1. Introduction 
The cylinder block/valve plate contact has been subject to several investigations in the 
past (/1/, /2/, /3/, /4/, /5/). Experiments in these publications mainly focus on the gap 
height rather than the total movement of the cylinder block, which also includes the gap 
height information. Detailed simulation models, e.g., by Zecchi /6/, have been created 
including thermo elastic behaviour and have been validated by temperature 
measurements. Ivantysynova and Baker compared micro structured waved surfaces 
and assessed the influence on viscous friction and leakage /7/.  
This paper describes the validation process of a project focusing on the combination of 
experimental and simulative investigations aiming on the identification of loss affecting 
parameters and their optimization. Therefore, previously, a test rig was built allowing 
measurements of the cylinder block movement and the friction within the contact /8/. 
Simultaneously a simulation model was created and is subject to validation.  
Compared to the presented simulation model a simplified version was created /9/. This 
version was limited to a flat interface, the cylinder block movement was coupled to the 
central spring stiffness and the solid contact model was limited to a linear proportional 
factor coupling the contact pressure to a virtual penetration of the parts. The gained 
knowledge of this simulation model and the analysis of other models lead to a new 
program code base allowing the use of nonlinear equations with strong retroacting 
effects between the two surfaces and the fluid film in between. An implicit calculation 
approach is used in which all effects are mathematically described within one single 
system of equations during one time step. Compared to an explicit approach this 
results in a very good stability. Especially the implementation of solid body contact 
which has a very strong reactive effect on the cylinder block movement creates a very 
stiff system making this approach necessary.  
2. Test rig 
The test rig is described in detail in /8/ and is only briefly explained here. A 140 cm³ 
pump is the basis of the test rig. The functionality is maintained and the housing is 
modified to measure both the cylinder block movement and the friction torque between 
cylinder block and valve plate as depicted in Figure 1. 
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 Figure 1: Left: test rig side view without housing; right: hydrostatic bearing
A hydrostatic bearing replaces the end cap system of the pump and supports the valve 
plate, giving it a rotational degree of freedom supported by a force sensor which allows 
the measurement of the friction torque. Eddy current sensors measure the distance 
between the valve plate support and the cylinder block at different positions (Figure 2). 
The recorded data is used to calculate the cylinder block movement in all degrees of 
freedom. 
 
Figure 2: Eddy current sensors 
3. Simulation 
Measurements of the cylinder block movement and the friction torque have been 
assessed to identify the physical effects ought to be included into the simulation model. 
The main implementation stages are briefly presented in this section. 
3.1. Mesh and geometry 
The simulation of the interface requires a discretization of the interface surface. Inner 
and outer diameter of the valve plate as well as the sphere’s radius constitute the basis 
for the grid generation. Resolution parameters in radial and circumferential directions 
are used to generate a basic mesh. Objects, such as valve plate and cylinder block 
kidneys or commutation grooves and bores, are defined on the surface and nodes are 
added on the borders of these objects. A fixed time step pattern is introduced and the 
grid generation is finalized by a refinement step performing one revolution of the 
cylinder block to add nodes on the object edges for every time step. 
  
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3.2. Reynolds equation 
A simplified version of the Reynolds equation for the fluid film calculation is 
implemented (1). Because the cylinder block movement in radial direction is very small, 
the shear flow in this direction is neglected. 
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Using a finite volume approach the equation is integrated over each node’s area on a 
discrete grid in polar coordinates.   
The implementation of the Reynolds equation on a discrete grid allows the calculation 
of the pressure field while the node’s gap heights have to be supplied as boundary 
values. A simple example is shown in Figure 3 for a sphere on sphere contact (radius 
150 mm) with a fixed sphere center distance of 10 μm in z and 15 μm in y-direction and 
a rotational speed of 1250 rpm. 
 
Figure 3: Mesh and simulation example of sphere on sphere contact
The hydrodynamic pressure build up resulting from the convergent gap and the 
rotational speed is clearly visible. The large area of negative pressure occurs because 
no cavitation model is implemented. In reality the fluid density would decrease to the 
point of cavitation. Because in the final simulations of the investigated interface 
negative pressure areas rarely occur, no cavitation model is implemented. 
3.3. Rigid body movement, fluid structure interaction and solid contact 
For the axial piston machine the gap height of the contact is equal to the distance 
between the valve plate’s and the cylinder block’s surfaces. Assuming a stationary 
valve plate, the distance is defined by the rigid body movement of the cylinder block 
and the elastic material deformation. Newton’s law is used to calculate the lateral rigid 
body movement by summing all external forces (mainly defined by the pressure within 
the cylinders), the fluid film forces (resulting from the pressure field calculated by the 
Reynolds equation) and the forces resulting from solid contact. Therefore the gap 
height calculation represents the implementation of a fluid structure interaction.  
Solid contact is implemented in the simulation because friction torque values gained 
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from test rig measurements cannot be explained by solely considering viscous friction. 
Axial piston machines are designed to support the cylinder block through the valve 
plate. Pressure forces in the cylinders act in the direction of the valve plate, pressing 
the cylinder block against the valve plate. The interface is designed to compensate the 
majority of these forces through the fluid film due to hydrostatic pressure. The interface 
sealing is realized by a compensation value below 100%, ensuring a remaining force to 
be present in all operating points. In reality these uncompensated forces are supported 
by solid contact. In the simulation an uncompensated remaining force in the direction of 
the valve plate would result in a continuous acceleration of the cylinder block, 
eventually leading to negative gap heights in case a solid contact model is not 
implemented. Finding parameters for a stable simulation would be difficult because the 
setup would have to ensure a fully separated contact. For real surface geometries this 
condition could only be satisfied with unrealistically high rotational speeds.   
The contact pressure calculation is based on Greenwood and Tripp’s solid contact 
model /10/. Patir and Cheng used the model to calculate the contact pressure between 
two surfaces /11/. Their approximation of the model is widely used in tribologic 
simulations and is also implemented in the model presented in this paper using 
equation (2). 
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Newton’s law is implemented for the calculation of the center of gravity acceleration of 
the cylinder block (3). External forces and the integral of fluid and contact pressure 
over the cylinder block’s sphere surface are considered. 
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The Euler equation (4) is used to calculate the rotational movement. 
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Figure 4 shows three stages of a simulation similar to Figure 3 with a translational 
degree of freedom in z-direction calculated with (3) and 5000 N applied on the cylinder 
block in negative z-direction. 
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 Figure 4: Sphere on sphere contact 
The simulation starts at a distance of the spheres of 10 μm, while the mass of the 
cylinder block is set to 5 kg. Within the first time steps the pressure build up due to the 
convergent gap is very small because of the high gap height. The applied force 
accelerates the cylinder block and in turn the squeeze film effect produces the pressure 
build up across the whole surface. In the second time step (t = 0.15 s) the gap height is 
small enough to create a significant hydrodynamic pressure build up resulting from the 
shear flow. Simultaneously the squeeze film effect decreases because the cylinder 
block’s velocity decreases. Finally a significant load share is carried by contact 
pressure in a steady state shown in the third row (t = 0.38 s).  
3.4. Geometry objects 
Kidneys, commutation grooves and bores are defined parametrically as objects on the 
valve plate or on the rotating cylinder block. Pressure and volume boundary values are 
defined and assigned to each object. Prior to the calculation of the fluid film a 1D 
simulation of the geometry object pressures is performed automatically in each time 
step which allows the calculation of the reversal process between the high and low 
pressure kidney. By combining all described parts of the simulation the interface can be 
simulated as shown in Figure 5. 
 
Figure 5: Results for one simulation time step 
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3.5. Calculation 
Accelerations and velocities are integrated with the backward Euler method. The fluid 
structure interaction in terms of solid body movement and deformation is directly 
calculated within the system of equations (monolithic approach). A partitioned 
approach in which the cylinder block movement is calculated separately from the fluid 
film and contact pressure, coupled by iteration loops, is difficult to realize due to the 
exponential operations in (1) and (2). The monolithic approach can be used because 
the simulation model is not dependent on external calculations. It results in a stable 
simulation model working with a large set of starting conditions as long as these are 
physically sound. 
3.6. Neglected effects 
At the current stage thermal effects are neglected. The deformation model is limited to 
a simple deformation factor, coupling the pressure and contact pressure to an 
additional term which is added to the gap height. This gives a linear deformation 
depending on the local pressure, but is limited to a stiffness independent from the solid 
body geometry. Within the presented results flow factors modifying the Reynolds 
equation depending on the gap height are not considered. 
4. Simulation parameters 
Results of tribologic simulations are strongly dependent on the input parameters 
defining the contact partners. Aim of this project is to use experimentally governed data 
for a parameterization of the simulation and therefore test rig results will eventually be 
used to find parameters for the simulation. Because the current validation stage 
focuses on the general behaviour of the simulation this transfer is avoided in order to 
enable an independent validation. 
4.1. External forces 
Forces resulting from the pressurized cylinders are gained by analyzing the reaction 
forces and torques of a pressure applied FEA model. Lateral forces from the inclined 
swash plate on the slippers and centrifugal forces of the piston/slipper assembly are 
calculated analytically. The central spring is represented by a constant force.  
The shaft force from the cylinder block’s spline shaft connection is estimated to be in 
the center of the spline and shaft and the bearing stiffness are taken into account. 
However the contact within the spline connection itself is neglected due to its undefined 
character and is assumed to be a frictionless contact without tolerances.  
Influences of piston/bushing friction, acceleration forces of the piston/slipper assembly 
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on the hold down device and friction of the slipper/swash plate contact have been 
assessed by analytical calculations for several operating points and added to the 
simulation temporarily. Because the effect is negligible for the comparison of the 
general behaviour which is presented in this paper, the forces are not included in the 
presented simulations as well as forces creating an oscillation of the swash plate. 
4.2. General parameters 
The solid contact model uses Young’s modulus and the Poisson number from each 
contact partner (ECB = 1.0e5 N/mm², ȞCB = 0.37, EVP = 2.1e5 N/mm², ȞVP = 0.285) and 
the combined standard deviation of the surface roughness (ı = 1 μm). The operating 
conditions are shown in Table 1. 
Parameter Value  Parameter Value 
Actual displacement 100 cm³ (0.72 ڄ Vmax) Oil HLP 46 
Speed 1250 rpm  Tank temperature in test rig 40°C 
Pressure 25 MPa  Viscosity in simulation 12 cSt 
Table 1: Operating conditions 
5. Comparison 
The comparison of experimental and simulative results is conducted to validate the 
general functionality of the simulation model. If all significant physical effects are 
implemented a comparison of the cylinder block movement, the gap height distribution 
and the friction torque is expected to result in a common trend under a variation of the 
operating conditions. Because the simulation parameters are determined on the basis 
of literature and analytical calculations, a quantitative match is not expected. However 
an assessment of the deviations should be within the expected tolerances of the input 
parameters. This paper focuses on the cylinder block movement and the gap height. 
5.1. Cylinder block movement 
Using measurements of the cylinder block movement the implementation of the rigid 
body movement is validated. A projection of the sphere center and the spline center is 
used according to Figure 6 to visualize the measurement results. 
 
Figure 6: Projection of the cylinder block’s sphere center (C) and the spline shaft 
center (S) on the x-y plane
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For each full rotation of the cylinder block 360 positions are calculated from the 
measured data. By plotting the positions of the points S and C during one revolution, 
two point clouds are created representing the overall movement of the cylinder block. 
Figure 7 shows measurement and simulation results for different pressure levels at the 
same speed. Crosses represent measurement results (S in blue, C in red) while the 
black shape represents the corresponding simulation results. 
Figure 7: Cylinder block’s movement 
Measurements show a large scattering while as expected simulation results are much 
smoother. The movement of the simulated position of point C is not noticeable within 
this magnification and therefore reduced to a single point. Both measurement and 
simulation show a significantly larger movement of the spline shaft point compared to 
the sphere center. This implies that the main movement of the cylinder block is a 
sliding motion over the valve plate’s surface. 
The pressure influence is mainly visible through three effects: 
1. Total shift of the spline shaft (S) in negative x and y-direction resulting from the 
tilting torque. It is mainly applied through the pressurized cylinders and 
supporting forces from the slippers. 
2. A more distinct relative movement of the spline shaft (S) in y-direction resulting 
from higher force differences when the number of pressure applied cylinders 
changes due to the reversal process. 
3. The cylinder block’s sphere center (C) is shifted in positive x and negative y 
direction due to the same reasons as explained in 1. 
The trend of the first two effects is represented by the simulation whereas the pressure 
shows a greater influence on the real system than on the simulation.  
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To validate the last effect a magnification of the simulated cylinder block’s center point 
area is shown in Figure 8. The shift in x and y direction is only visible on a very small 
scale but follows the trend of the experimental results. 
 
Figure 8: Cylinder block’s sphere center movement (point C) 
5.2. Orientation of minimum and maximum gap height 
In opposition to the previous section where the cylinder block movement was reduced 
to point clouds in two dimensions, the investigation of the gap height distribution 
considers the full movement in all degrees of freedom and also the spherical geometry 
of the interface. By looking into distinct time steps (i.e. specific angular positions) the 
gap height distribution over the valve plate’s sphere surface can be calculated. 
Locations of the minimum and maximum gap height are of great importance to 
understand friction and wear within the contact and are used for comparison. 
Measurement results are processed to show the distribution frequency of the minimum 
gap height (Figure 9). Although the test rig is designed with focus on small 
deformations, the acting pressure still deforms the valve plate. This effects is not 
considered in the results. The size of the red highlighted areas represents the 
occurrence frequency of the minimum gap height at the particular angular position for 
one revolution. 
 
Figure 9: Minimum gap height occurrence (measurement results) 
On average the minimum gap height is located at 130 degrees. A comparison with 
simulation results is easily possible because the gap height distribution can be 
visualized as shown in Figure 10. Pressure and gap height distribution are depicted for 
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angular positions with four and five pressure applied pistons. The depicted positions 
represent the outer limits for the position of the minimum gap height matching the main 
direction of the measured results. The location of the minimum gap height is between 
130 and 150 degrees. The range in which the minimum gap height appears is very 
small within the simulation and the relative angular shift resulting from the reversal 
process is below 20°. Within the real system this range is wider (Figure 9 shows a 
range from approx. 90 to 240°) but also includes measurement inaccuracies. It should 
also be noted that commutation bores and kidneys as well as several friction forces 
(piston/bushing, slipper/swash plate) are neglected in the simulation. 
 
Figure 10: Simulation of pressure and gap height distribution
6. Conclusion 
In this work a simulation model for the cylinder block/valve plate contact and steps of 
the validation process are presented. The aim of the validation is to decide if either the 
selection and implementation of the physical effects was correct or if a major part has 
been neglected or missed. Therefore simulation parameters have been chosen from 
literature and analytical calculations to get an independent comparison between 
experimental and simulative results.   
The comparison shows a good match in the general behaviour for different operating 
points and the results are within the same magnitude. Therefore the effects are 
expected to be the main influencing for this contact and the investigated pump and are 
correctly implemented in the simulation.   
Effects like a temperature depending viscosity and thermal material expansion are 
subject to current implementation. The results of the cylinder block movement are not 
expected to be greatly influenced by these implementations because the force and 
torque equilibrium are the main factors for the movement. Gap height and pressure 
field will be affected. High temperatures will occur where the gap height is currently 
very small. This leads to a lower viscosity in this area and an expansion of the material. 
Therefore the gap becomes even smaller until a new equilibrium is reached, so that 
these effects are also not expected to change the general behaviour. 
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ܣ Area m² 
ܽ Acceleration m/s² 
ܧᇱ Combined Young's modulus N/m² 
ܨ Force N 
݄ Gap height m 
ܬ Intertia tensor kg m² 
݉ Mass kg 
݊ Surface normal  
݌ Pressure, contact pressure Pa 
ݐ Time s 
ߟ Viscosity Pa s 
߱, ሶ߱  Angular velocity, angular acceleration rad/s, rad/s² 
ߪ Combined standard deviation (surface roughness) m 
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